Abstract -Differential absorption of circularly polarized light has long been used to study chiral molecules. Here we will emphasize the newer experimental and theoretical methods which are especially applicable to macromolecules. They include fluorescence-detected circular dichroism, the angular dependence of the differential scattering of circularly polarized light, the analysis of the contribution of this differential scattering to differential extinction of circularly polarized light, and the measurement and interpretation of images based on circular differential extinction.
INTRODUCTION
When light is incident on a sample, only a fraction is transmitted. The part that is not transmitted is either absorbed or scattered. It is essential to distinguish between scattering and absorption to interpret properly a transmission experiment. The fraction of light transmitted by a sample is characterized by an extinction coefficient. For small molecules in solution the contribution of scattering of light to the extinction of incident light is usually negligible. However, for macromolecules the scattering contribution to extinction may become dominant. We will discuss methods to separate the contributions of scattering and absorption to circular dichroism. The interpretation of the two contributions provides very different information about the structure of a macromolecule.
The total light scattered by the sample affects the extinction coefficient, but the angular dependence of the scattered light also contains structural information. The measurement and interpretation of the differential scattering of circularly polarized light --circular intensity differential scattering (CIDS) --is a new research area. We think it will be valuable for very large, chiral macromolecular systems.
To study individual biological cells a microscope is needed. It can be used to focus the incident light on the cell, or part of a cell, and the circular dichroism can be measured in the usual way. A more intriguing possibility is to obtain an image which depends on the circular dichroism of each part of the cell. That is, the contrast in the image is proportional to the circular differential extinction, instead of the optical density (extinction), of the object.
CIRCULAR DICHROISM AND FLUORESCENCE-DETECTED CIRCULAR DICHROISM
The separation of circular differential absorption from circular differential scattering in a chiral macromolecule can be done using fluorescence to monitor the absorption. Two methods are shown in Fig. 1 . A non-chiral fluorophore is added directly to the sample, or is placed in a separate container around the sample. 280 300
Wavelength (nm) differential scattering can each be interpreted in terms of the structure of the nacromolecule (Ref. 5). However, before any quantitative interpretation of a measured circular dichroism is attempted, it is necessary that the separate contributions from absorption and from scattering be assessed.
CIRCULAR INTENSITY DIFFERENTIAL SCATTERING
The angular dependence of the differential scattering of circularly polarized light is called circular intensity differential scattering (CIDS) (Ref. The CIDS for a macromolecule modeled by an arbitrary arrangement of point polarizable groups has been derived (Ref. 7). Calculations were done for a left-handed helix with a pitch of 650 mm and various values of radius. The helix is a one-dimensional wire and is a very crude model for the sperm. However, a maximum peak of differential scattering near 40° can be obtained (Fig. 4) . The sign of the CIDS is correct and the position and magnitude of the forward lobe are reasonable. The calculated CIDS in the side and backward directions show many positive and negative extrema. The sharpness and number of peaks for the simple, model helix indicate the theoretical sensitivity of the method. Obviously, simpler experimental systems are needed to provide a good test of the CIDS method and interpretation. Mixtures of cholesteric and nematic liquid crystals were used to vary the pitch. Light was incident parallel to the helix axis of the liquid crystal, and the CIDS was measured in the forward (0 00) and backward (0 1800) directions. Figure 5 shows the excellent agreement between observed and calculated results. As the ratio of pitch to wavelength approaches one, the observed and calculated CIDS approaches the minimum value of minus one in the backward direction. This shows that the cholesteric liquid crystal forms a right-handed helix and that only right circularly polarized light is scattered in the back direction. In the forward direction the calculated CIDS is very small except when the ratio of pitch to wavelength is very close to one. Then the CIDS becomes plus one for pitch/wavelength slightly greater than one, and the CIDS becomes minus one for pitch/wavelength slightly less than one. The model used for the calculation here is a twisted ladder; it is a helix with zero radius. The scattering groups are represented by polarizability ellipsoids of revolution. The polarizabilities are placed on a line with the symmetry axes rotated for successive positions on the line (Ref. 9). We hope that measurement of the CIDS as a function of angle for oriented cholesteric liquid crystals will provide new information about long-and short-range order in these interesting chiral materials.
A CIRCULAR DIFFERENTIAL MICROSCOPE AND CIRCULAR DIFFERENTIAL IMAGES
A microscope with quartz optics has been used to measure the circular dichroism as a function of wavelength of single cells. Figure 6 An appatatus to measure images dependent on the circular dichroism of the object has been built. A schematic is shown in Fig. 7 . Left and right circularly polarized light is incident on the object, and the intensity at each point in the image plane is measured by an array of detectors. The difference in intensity for incident left and right circularly polarized light is a measure of the chirality at each point in the object. For light transmitted by the object (bright-field illumination) the image depends on the circular dichroism of each part of the object. For illumination from the side (dark-field illumination) the image depends on the CIDS of the object. The instrumentation for producing circular differential images, and theoretical analysis of these images, are both at a very early The intensity at each point in the image plane is measured when left and right circularly polarized light is incident on the sample. Only chiral objects will have a difference in intensity, therefore only chiral objects will be evident in the image. 
